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REMARKS AND ARGUMENTS 



Claims 2, 5, 12, 21, and 22 are under prosecution in this application. Claim 21 has been 
amended to better claim the subject matter which Applicant regards as the invention. Claim 5 
has been amended for improved clarity. Claim 22 has been added. Spfctis found throughout 
the Specification, particularly from page 1 1, line 17 to page 14, Jj^l and the examples 
illustrated from page 16, line 1 to page 19, line 26. No new mA^en added with tins 
Amendment. 



Claim Reje ctions under 35 IJ.S.C. S 102: 

Claims 2 and 21 are rejected meter 35 U.S.C. § 10: 
al Applicant respectfully traverses this n 




allegedly anticipated by Liu et 



The invention is a method of predic 
measuring the level of jj 
MUC1 8 polypepticWfllke a hi; 
compared to that in a nonSHttoj 
metastas: 



fcTT^HWfts of a prostate cancer cell by 
MUC18 byfcummoassi^ using antibodies specific for the 
level of MU9L8 expression in the prostate cancer cell 



mdicatesMit the prostate cancer cell is likely to 




|scribepfudies in which the anti-HNK-1 monoclonal antibody 
(Mab) reacti^^as measurSn prostatic cancer tissues. Based on these studies, the authors 
concluded that^^toval r#and a longer interval free of progression were associated with a 
higher fraction of poSftBy stained cancer cells" 

The claimed invention is not anticipated by Liu et al The antibodies used in the method 
of the invention are directed against peptide epitopes of the MUC18 polypeptide. Anti-HNK-1 
Mabs used in Liu et al were prepared against a carbohydrate antigen, not against a peptide 
antigen {See Ongefa/. JBC [2002] 277:18182-18190 submitted herewith as Exhibit A). See also 
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the Specification at page 2, lines 12-13, where it is stated that the "carbohydrate modification [of 
MUC18] known as HNK-1 or CD57" is carried by MUC1 8, i.e., the carbohydrate moiety is 
displayed on other proteins including NCAM, the neural cell adhesion molecule. Thus, the 
monoclonal antibody discussed in the cited reference is not specific for the MUC1 8 protein and 
would not be expected to cross react with an epitope on the peptide conxRonent of MUC1 8 in 
prostate cancer cells. It is well documented that HNK-1 antigen is 
typically in cell surface proteins (See Ong et al). Anti-HNK-1 
present in the carbohydrate moiety of MUC18, not in the 

Because of this difference, the levels of I^^^antigei^pression mes 
employing anti-HNK-1 Mabs cannot be equated ^t'^^^fe^^HUClS expre^on measured 
by employing the anti-MUC18 antibodies of the present ismfton. This is clear from the 
findings reported in the cited reference; I^MSLession of HN^^^s decreased o r absent with 



the increasing pathological grade of prostal 
was observed in metastatic prostate cancer ceils in 





in many cell types, 
the epitope 
protein. 



■eas the : 



iosure. 



sed expression of MUC18 



In summary, ifcjfgj&ubmit 
added claim 22 is also nBlUgtocipa 
the rejectionj^ij^iiJJ.S.C?^m2( 



at claims 2 Bd 21 are not anticipated by Liu et al Newly 
[by the cited ilfe^ence for the same reasons. Withdrawal of 
ly requested. 



Clail 



ions under \ 



Claims 
subject matter not 1 



12, and 2liure rejected under 35 U.S.C. § 112, first paragraph, as containing 
l the Specification in such a way as to reasonably convey to one 



skilled in the art that ti^roventor had possession of the claimed invention. 



The Office Action specifically points out that the phrases, "for predicting a risk for 
metastasis" and "a MUC18 coding sequence" recited in claim 21 are not supported by the 



-5- 
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Specification. Claim 21 has been amended to recite "the MUC18 coding sequence" according to 
the Examiner's suggestion. 

Applicant submits that the present disclosure does provide sufficient description to 
support the claims at issue based on the following: 



diagnostic test (i.e. 
ostate cancer (See 



mention were Jfctained 




The purpose of the present invention was to pro* 
method for predicting the risk for 3 
page 2, lines 17-19). 

2) The reagents (antibodies) necessary : 
(Example 1 on page 16). 



Using the antibodies made, %^^^^^ ls of MOW© in four cell lines were 
determined; the results showe^at^^^^^tobtein was only expressed in 
— ti^^met^^^^^tatecaneero^lines butmrtrin one^ion-metastatic-cancer cell 
line 1^ 

mn le^^MMUC^^WTrmal prostatic gland, normal primary human 
prostate t, ^^^lial i^^todtissues of a patient with malignant prostatic cancer 
were measi^^by Wespfn blot analysis; the results were consistent with those 
gained in 3)^pg.7). 

IF the studies of 3) and 4) provided a positive correlation between the 
JC18 expression and the pathologic grade of prostate cancer. 



5) To further establish that the expression level of MUC1 8 is correlated with the 

ability to metastasize, the LNCAP (non-metastatic cancer cell line) cell line was 
engineered to express MUC1 8, and the MUC1 8 expressing cells were examined 
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in vitro for metastatic ability, i.e., motility and invasiveness. The metastatic rates 
were also tested in vivo in athymic nude mice (page 13, lines 14-29; Example 2 
on pages 18 and 19). It is stated on page 19, lines 25-26 that «[T]he experiments 
set forth above confirm that the relative level of MUC1 8 expression in prostate 
cancer cells correlates positively with metastatic ability 

The above studies led the inventor to predict that abse ^^^^ w MUC18 ex P ression 
in the prostate cancer is associated with non-metastatic c ^^? d ^^^fc^e 11 levels of 
MUC18 expression are predictive of prostate cancer ^^^Li^Kkely to metes 
already metastasized (See Abstract). 



ze or which has 



The predictions made in the disclosure were provefR^fe correct in later studies 
performed by the inventor using clinical^^^f varying d ^»|M thologic stageS of 
prostate cancer, from normal to metastatic^^^fe|^results^Rrmed the correlation 
between the level of expression of MUC1 8 a^he^^^^pf the prostate cancer. A 
T^cla?ati6nl^ 
with the Amendmer 




me 
dev 

description 
invention. With 




e., a method of predicting a risk for 
the relative level of expression of MUC 18, was 
ly suSlEts that the Specification does provide sufficient 
led in the art that the inventor had possession of the claimed 
Ejection under 35 U.S.C. § 112 is respectfully requested. 



Conclusion : 

Based on the foregoing amendments and arguments, it is submitted that this case is in 
condition for allowance and passage to issuance is respectfully requested. 
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If there are any outstanding issues related to patentability, the courtesy of a telephone 
interview is requested, and the Examiner is invited to call to arrange a mutually convenient time. 

It is believed that no fee is due with this submission; however, if this is incorrect, please 
deduct the appropriate fee for this submission and any extension of tig? required from Deposit 
Account No. 07-1969. 



Greenlee, Winner and 

5370 Manhattan Circle, Si 
Boulder } CO 80303 
Telephone: (303)499-8080 
Facsimile: (303) 499-8089 
E-mail: winnei 
Attorney doi 
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Biosynthesis of HNK-1 Glycans on O-Linked Oligosaccharides 
Attached to the Neural Cell Adhesion Mol cule (NCAM) 

THE REQUIREMENT FOR CORE 2 01,6-^-ACETYLGLUCOSAMINYLTRANSFERASE AND THE 
MUSCLE-SPECIFIC DOMAIN IN NCAM* 
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The HNK-1 fflycan, eulfo— 3GlcAjU-*3Gal01— 4- 
GlcNAc01-»B, is highly expressed in neuronal cells and 
apparently plays critical roles in neuronal cell migra- 
tion and axonal extension. The HNK-1 glycan synthesis 
is initiated by the addition of 01,3-linked GlcA to N» 
a cetyllac to s amine followed by Hulfation of the C-3 posi- 
tion of GlcA. The cDNAs encoding 01,3-glucnronyttrans- 
ferase (GlcAT-P) end HNK-1 sulf otranaferase (HNK-1ST) 
have been recently cloned. Among various adhesion 
molecules, the neural cell adhesion molecule (NCAM) 
waa shown to oontain HNK-1 glycan on W-glycans. In the 
present study, we first demonstrated that NCAM also 
bears HNK-1 glycan attached to O-glycazuj when NCAM 
contains the 0-glycan attachment scaffold, muscle- 
epecifio domain, and is synthesized in the presence of 
core 2 01, 6 -iV'-acetylglucosaniinyl transferase, GIcAT-P, 
and HNK-1 ST. Structural analysis of the HNK-1 glycan 
revealed that the HNK-1 glycan is attached on core 2 
branched 0-glyoans, sulfo)-»3GlaA01-»-3GaIpl-»4- 
GlcNAcfU-^(Gal01->3)GalNAc. Using synthetic oligo- 
saccharides as acceptors, we found that GlcAT-P and 
HNK-1ST almost equally act on oligosaccharides, mim- 
icking N- and O-gly cons. By contrast, HNK-1 glycan was 
much more efficiently added to iV-glycans than O-glycana 
when NCAM was used as an acceptor. These results are 

consistent with our results -sho wing-thatj^ffi-l-^^oan is- 

m inima lly Attache*! t^.Q.-^ycans of ^CX^uTftlal'£ra^ 
heart, and the myoblast cell linVC2Cl2. These results 
combined together indicate that HNK-1 glycan can be 
J synthesized on core 3 branched O-glyoans but that the 
3 HNK-1 glycan is preferentially added on jV-glycans over 
| O-glyoans of NCAM, probably because JV-glycans are ex- 
| tended further than O-gtycans attached to NCAM con- 
I tainhzg the muscla- specific domain. 



Neural cell adhesion molecules undergo critical po st -trans - 
lational modifications that modulate tbair affinity and in some 

• Thia work ves supported by NCI, National Institutes of Health, 
Grant* R37CA33000, RCUCA33895, and PCUCA71932. Tha costs of 
publication of this article were defrayed in part fay the payment of page 
charges, Thia article must therefore be hereby marked "advertisement* 
in accordance with IS U.S.C. Section 1734 solely to indicate thia fact. 
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I! Present address: Deptartment of Neirrascience, Institute Pasteur, 
76724 Ptaris oodox 15, Franc*. 

** To wham correapon dense should be addressed: The Buroham In- 
fldtute, 1Q901 N. Torrey Pines Rd.. La JoUa, CA 92037. Tel.: 858-646- 
3144; Fax: 868-646.3193; E-mail: mincruOburnham.org. 



cases altar their specificity for their cognate Uganda (1, 2). In 
particular, many neural cell adhesion molecules are heavily 
glycosylated, and the extent and composition of attached car- 
bohydrates modify their adhesive properties. Among those, 
polysialic acid and HNK-1 are particularly no tank. Polysialic 
acid is mostly attached to NCAM, 1 and polysialylatecl NdAM is 
abundantly preaent in embryonic brain (1, 2). In the adult 
brain, polysialyUted NCAMia restricted to certain tissues, 
such aa the hippocampus and olfactory bulb, where neuronal 
regeneration persists. Polyaialic acid is a linear homopolymer 
of a-2,8-linked sialic acid residues formed on <*-2.3- or cr-2,6- 
linked sialic acid in JV-acetyllactos amine of tf-glyeans (3-6). 
£oJy si antacid Is attached to two JV-glycosylation oitea in the 
fifth "immuno globulin-like domain in NCAM and thought to 
attenuate the adhesive property of NCAM (7-9). 

The HNK-1 carbohydrate epitope was originally defined by a 
monoclonal antibody raised against human natural killer 
(HNK) calls (10). In nervous tissues, the HNK-1 carbohydrate 
was first recognized as an auto antigen involved in peripheral 
demyelinative neuropathy {11, 12). The structural analysis of 
glycolipida reacting with these autoantibodies demonstrated 
that tha HNK-1 epitope is sulfo^3GlcA£l->3Gal01-»4GlcNA- 
cjSl^'H ^ITirej'.'TO^f" glycan is widely distributed in glyc- 
o protein^ g^cofipiSa, 1 ' and proteoglycan* (2, 11-13). The ex- 
pression afHNK-l^glycah is s^dany^and^developraentally reg- 
ulated and found on migrating neuronal crest cells, carehellum, 
and myelinating- Schwann calls in motor neurons hut not on 
those in the sensory neurons (14-16). Although it has bean 
j reported that HNK-1 glycan is attached to the //-glycoaylation < 
' sita in the third irnmuno globulin-like domain of NCAM, the 
j recent studies showed that HNK-1 glycan is attached to the 
| second, third, fifth, and sixth tf-glycoaylation sites (17). 

HNK-1 apparently plays critical roles in neural cell migration 
and axonal extension. HNK-1 glyeolipids coated on plates facili- 
tated neurite outgrowth, whereas no facilitation of neurits out- 
growth was observed on oulfatide, 3'-flulfogalactosyl ceramide. 
The effect of HNK-1 glycan was abolished once the sulfate group 
was removed (18, 19). The HNK-1 glycan was identified in 
NCAM and iV- glycanfl isolated from P0 glycoprotein (20, 21). It 
was also found as rather unusual structures of O-linked oligosac- 
charides, sul&^GlcA^1^3Gal31^Gl^Acj31-^2Maji, which 
than are attached to serine or threonine This glycan can be 



1 Tha abbreviation* used axoi NCAM, neural cell adhesion mnteenln; 
GlcA, glucuronic add; MSD, muscle-specific domain; HNK- 1ST, HNK-1 
Bulfob-nnnfnrase; GlcAT-P, VASE, variable 

alternatively spliced axon; PAPS. 3'-phcsphoadenoaine Q'-phosphosul- 
fate; GnT-T, 01^r/-acetylgjucosaniinyl transferase I; Core2GlcNAcT, 
core 2 j31,S-r/-acetylelucoeam(nyltiansferase; Con A, con cans valfn A 



181S2 



Thti paper Is avail able on line ai hnpyTwww.jbc-OTS 
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attached to dystroglycan, and its defect may cause muscular 
dystrophy (23). 

NCAM has numerous isofbrrna due to alternative splicing of 
precursor mRNAs. Among them, NCAM(MSD) contains an 
additional domain, the so-called tnuscla -specific domain (MSD), 
consisting of 37 amino acids between two fibronectin type IE- 
like domains (24). This NCAM(MSD) is mostly present in 
skeletal myotubea and often anchored to the plasma membrane 
through glycophosphatidylinositol (24). The MSB la highly 
enriched with serine, threonine and proline and O-linked olig- 
osaccharides were shown to attach to this domain (25). It has 



pcDNAM (34, 35) was a load gift of Dr. J taoahj Stanley. 

Preparation ofUcl CtlU Expressing HNK-1 Precursors and HNK-l 
Olycan^Toaycid the formation of HNK-1 in JV-glycana, the roajWy of 
the experiments were carried out using a mutant CMnese fa«n$ter 
ovary cell line, Lecl. Since Led cell* are defiaenl in GnT-I, all of the 
AT-ghrcans synthesiied in this can line remain as high roennose oligo- 
saccharides (36). Lecl cells were found to lack core 2 fU^acety glu- 
cosanunyUransferaae as in other Chinese hamster ovary cells (30). Lecl 
cells were stably transfected with pcDNA3.1(Zeo>.Cote2ClcNAcT.l as 
described before (20). Lecl -core 2 calls were first selected in the pre* 
ence of xeoein (Invitrogen) and then by iimnunofluoresceal staining 
using tomato lectin, which reacts with tf-aceb/lUctcsaraina and poly 
iv'-acetyUactcaammes (37). As shown previously, Uio formation of core 3 



\ were snown zq aitacn w u» uwiuam ****** «.nw V »«-«»«— — — - ■ w . » . w „ Mh jt„ 

*-* NCAM<M3D, W ^ »11 line ^^^^^^^^^ 



been shown 

contains mucin-type O-linked oligosaccharidea ±NeuNAc 
a2 -*3 Gal0 1 — 3 ( ± NouN Aca2 -*^)OalNAo«-* Thr/Ser (25). 
However, no studiaa have addressed whether 0-giycans in 
NCAM contain an HNK-l-capping structure. 

The HNK-1 glycan is synthesized in a stepwise manner by 
the addition of a £1,3 -linked glucuronic acid to precursor N- 
acetyHactoaamine by pi.S-glncosaminyltransf erase (GlcAT-P) 
followed by the addition of a sulfate group by HNK-1 sulfo- 
transferase (HNK-lST) to GIcA0 l-*3 Gal£l-*4GIcNAc-* R, 
forming sulfo^3GleA0 1-^3 Gal 01-*4GlcNAc-»R (26). Re- 
cently, the cDNAs encoding GlcAT-P and HNK-lST have been 
cloned (27-29). In mucin-type O-glycans, j^acetyUactosaxnine 
can be formed when core 2 branch, GlcNAc01-*6<GaI /31->3 ) 
GalNAcal— *R, is synthesized by core 2 01 f M^acetylglucoa- 
aminyltransferase (Core2GlcNAcT, Fig. 1, Ret 30). These 
results prompted us to examine how the HNK-1 glycan is 
synthesized in mucin-type O-linked oligosaccharides attached 
to NCAM. 

In this report, we first present evidence that HNK-1 glycan 
can be formed in. O-glycans attached to the MSD in NCAM. We 
found that HNK-1 glycan is attached to core 2 branched O- 
glycans but not to core 1 O-glycana present in NCAM. We 

. determined the HNK-1 glycan structure in mucin-type O- 
linked oligosaccharides as aulfo-*3GlcAf31— »3GalfJl-*4- 
GlcNAc3l-*6(Gal01->3)GalNAc. Finally, wa found that 
HNK-1 glycajos can be formed on iV-glycans more efficiently 
than O-glycans on NCAM, although GlcAT-P and HNK-lST 

utilize O-giyean. and //-glycan ohgo aacchar ides almo st eq ually 

as an acceptor. 

EXPERIMENTAL PROCEDURES 

Plasmids Encoding NCAM, NCAM(MSD), GlcAT-P, and HNK- 
lST— pIG-NCAM-rgO and pIG-NCAM(MSDHgG .naming NCAM-TgG 
and NCAM(MSD>lgG chimeric proteins, respectively, wore constructed 
from plG-NCAM(VASE, MSD>lgG, originally provided by Dr. David 
Simmona at Oxford University (31), as described previously (32). All 
product* derived from th*** different vectors were found to react with 
an ka- NCAM antibody (Eric- 1) by Western blotting, confirming the se- 
quences and siiea of the products (32). 

The cDNA encoding rat £l.3-glucuronyltranafera*e, GlcAT-P (27), 
waa doned as described previously using reverse transcription-PC R 
and subdoned into pcDNA3, resulting in pcDNA3(neo)-GlcATP (29). 
The cDNA encoding a catalytic domain of GlcAT-P was obtained by PCR 
using pcDNA3(neo)-ClcAT-P as a template. 5'- and 3 '-primers for the 
PCR are 5 , -C GGATQCC AGCCTCGCACCTCTGCTTOCT■3 , (the 
Bam HI site is underlined, and the rest is nucleotide* 120-141 of 
GlcAT-P) and 5 ACTCG AGTC AGATCTC C ACC G AGCQGTC-3' (the 
Xhol site is underlined, and the real of the sequence is nucleotides 
1044-1024 of GlcAT-P). After BamHX and Xhol digestion, the cDNA 
fragment was ligaled iutu the same sites of pcDNAI-A, which harbors a 
signal peptide and IgG-binding domain of protein A, resulting in 
pcDNAI-A-GlcAT-P. Th* cDNA encoding a human sidfotrenefarae* that 
transfers a sulfate group from PAPS to glucuronylated AT-acetyllac- 
taonmiiio precursor* waa cloned into pcDNA3 as described pre vim inly, 
resulting in pcDNAS-HNK-lST (29). Similarly, pcDNAI-A-HNK-lST 
was prepared as described before (33). ncDNAI encoding cors 2 
aceiyl^ucoaarninyltransferase, Core2GIcNAcT-I (30), was doned into 
the pcrjNA3.1<Zeo), resulting pcDNAS.l(Zeo)-Core2GlcNAcT-L AcDNA 
encoding 01^-JV-acetylglucoaamin>itraiisferase I (GnT-I) doned in 



tosamine (38)- — - . x . __ 0 

cDNA into Lecl cell chromosome, reverse tranacnption-PCR was car- 
ried out on porytAT RHA derired from Lecl -core 2 oftll*. The pnmera 
for this reverse transcription -PCR were designed in exon 1 and exon 2, 
arolding the amplification of hwnsUr genomic DNA harboring 

^L^l-wf 2*eeUs were cransfeclsd with pcnNA3(neoVGlcAT.P and 
sdected in the presence of G418 and zeocin, and Ucl-oora2-GlcA were 
chosen ofler immune-talning o»ing M6749 antibody (39), which reads 
with both nonsulfated and sulfated forms of HNK-1 carbohydrates (27. 
29X Thosa calls were nrrther transfected with pcDNA3.1(hyg)-HNKlST 
and selected in the presence of G418, zeocin, and hygromydn. Those cells 
expressing a significant amount of HNK-1 glycan, assessed by inamono- 
staining with anti-HNK-1 antibody (Bccton Dickinson), were chosen and 
designated as Lecl - core 2-HNK-l. As the second antibody, nooreseein 
iftothiccyanate-conjugated goat (Fab% fragment specific to mouse IgG (for 
anti-NCAM antibody) or IgM (for HNK-1 antibody and M6749 sn&body) 
was used. In parallel. Lecl calls sUbh/ expressing GlcAT-P or fclNKiST 
alone or GlcAT-Pand HNK-lST together were established. 

Transient Expression of NCAM and NCAM(MSD)—Uxl cells ex- 
pressing tha HNK-1 glycan weTC transiently tranafected with 
pIG-NCAM-lgO or pIG-NCAM(MSD>-IgG wiLh or without pcDNAl- 
Core2GlcNAcT-I, using LipofectAMINE Plus™ as described previously 
(291 The medium was changed to werum-fxee medium 24 h after the 
transfcetion and cultured for an additional 48 h. NCAM-lgG in the 
cultured medium was adsorbed to protein A- agarose as described before 
(8). NCAM' IgG molecules elated Cram the medium were subjected to 
SDS-polyacryleniide (5*) gel electrophoresis and fcranaferred onto a 
polyvinylidene difluorida membrane. The blot was then incubated with 
miti-NCAM antibody, anb>HNK-l anybody, or MG749 antibody, with a 
secondary antibody as described before (29). 

Preparation ef Lte2 Calls Expressing HNK-1 Precursor and BNK'l 
Glycans--LM2 "rtte expressing GlcAT-P and HNK-lST, Lcc2-HNK-1, 
wore eatablished as deacribed previously (29). Lec2-HNK-1 cells were 
selected using anti-HNK-1 monoclonal antibody. Lec2 cells expressing 
GIcAT'P were similarly established and selected by immanofluorescent 
staining using M6749 monoclonal antibody. Lec2 ceDs do not synthesize 
siarylated oligosaccharides due to the defect in CMP-siaUc acid trans- 
porter in the Golgi (40). 

Metabolic Labsting of Carbohydrate Moiety of NCAM -JgG— Lfid-a>re 
2-HNK-l cells were transiently transfected with plG-NCAM<MSO>IgG or 
plG-NCAM-lgG. Twenty-four hours after the trensfection, the medium 
was replaced with sulfate- free or glucose- free RPMI 1640 medium con- 
taining dialyzsd 10% fetal calf serum in the presence of NaJ^SlO, (100 
aO/ml), (S-^lGlcNHa (10 uCi/ml), and (5-"H]Gal (20 MCVml) or lfl-*Hl 
GlcNH, (10 uCiftnl) or NaJ^O^ (100 p>Ci/ml) alone (41). After a 48-b 
incubation, the spent medium was harvested, and NCAM-lgG was iso- 
lated as described above. After confirming the purity of the isolated 
samples by SDS-poryacryUunide gel dectxophoreais and fluorography, the 
samples were subjected to digoasocharide characterization. 

halation of O- Linked OUgoaaeeHaridew Containing HNK-1 Giyaw— 
MetabolicaUy labeled NCAM(MSD)*IgG was digested with Proaase, and 
labeled glycoprotein* were isolated by Saphadex G-25 gel filtration as 
described previously (41). O-Glycan-containing glycopeptides were 
separated from high manna** glycopeptides and other glycan a uaing 
ConA-Sepharose affinity chromatography. The purified glycopeptides 
were subjected to aikahne reductive treatment to release O-l inked 
oligosaccharides as described previously (41). Oligosaccharides were 
applied to a Poly-Prep column (Bio-Rad) containing 2 ml of anion- 
exchange QAE-Sephadex A-20. The resin was equilibrated with 2 niM 
pyridine- ace late buffer, pH 5.6, and duled in a stepwise manner with 6 
ml each of 70 mu, 250 mM, and 1 H NaCl in 2 raM pyridine- acetate 
buffer, pH 5.6l Fractions (1 ml) were collected, and aliquots were taken 
for determination of radioactivity. 
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The oligosaccharides eluted with 1 M NaCl were digested with Ar« 
throbacUr aialidase (Sigma) to remove sialic add *ud subjected to 
QA&Sephadex A-25 column chromatography. Those elated with 1 w 
NaUl after sJaJidase treatment were ■ubjectcd to structural 
characterization. 

Structural Characterization of O-Qlyctrna Containing HNK-1 Gfy- 
can— The CMinked grycans were subjected to sorvolyaia to remove a 
sulfate group a» described previously (41, 42). The resultant oligosac- 
charides, purified by QAE-S«phadex chromatography, were digested 
with 125 mOb'unito of Escherichia coli 0-glucnronidaee (Sigma) in 50 ul 
of the reaction mixture under the same conditions as described previ- 
ously (11). The obtained oligosaccharides wore analyzed on an AX- 5 
amino-bonded column using a Gilson 306 HPLC apparatus at a flow 
rate of 0.8 ml/mi n. The column was equilibrated with 90% solvent A 
(80% acetonitrUe, 20% 15 mM KH 2 PO0 and 10% of solvent B (40* 
acetonitrile. 60% 15 mM KHaPOJ. After 5 min, the elution was carried 
out by linear gradient from 10% of solvent B to 100% of solvent Bin 60 
min. The column was finally washed for 5 min with solvent B. Fractions 
were collected every minute, and aliquot* were token for determination 
of the radioactivity by scintillation counting. 

Ptriodate Oxidation af QUgaaaccharidea— Oligosaccharides were ox- 
idized with SO mM NaI0 4 in 50 mM sodium acetate buffer, pH 4.5, at 
room temperature, and oxidized samples were reduced as described 
previously (43). The samples, after destroying NaBH 4 by acetic add, 
were passed over a small column of Dowex 60 X 8 and dried after the 
addition of methanol. The samples were then hydrolyied in 0.01 u HC1 
at 80 *C for 1 h, neutralized with 0.1 m Tria-HCl buffer, pH 8.5, and 
applied to a column (1 X 120 cm) of Bio-Gel P-4 (200-400-meah) 
equilibrated with 0.1 M pyridine-aoetata buffer, pH 5.6. Ohgasaccha- 
rides were also separated by QAE-Sephadex A-25 column chromatog- 
raphy oa described above. 

Assays for GlcAT-P and HNK-IST Activity— To assay the activities of 
GlcAT-P and HNK-IST. soluble protein A-GIcAT-P and soluble protein 
A-HNK-1ST were prepared and adsorbed to IgG-Sepharose as de- 
scribed previously (33). To assay for GlcAT-P activity, the reaction 
mixture (100 ul) consisted of 600 /iM acceptors, 0.1 U HEFES buffer, pH 
6.5, 10 mM MnCl* 10 mM of galactonic arid -y- lactone, 50 pi of the 
soluble chimeric enzyme attached to beads, and 50 uU UDP-["C]GIcA 
{294 mCi/mmol, PeTkinEhner Ufe Sciences). The reaction mixture was 
incubated for 3 h at 37 "C, and the reaction was stopped by adding 50 
mM (final concentration) EDTA. 

To assay for HNK-IST activity, the donor, 3* -phosphate S'-phospho- 
(**S}sulfatc, and various amounts of an acceptor ware incubated with a 
solution of the 50% suspension of the chimeric protein A-HNK-lST 
attached to beads under the conditions described previously (29, 33). 



HNK-1 Glycan Synthesis on NCAM O-Glycans 

1,6 Hz, cMan H-l), 4.618 - 7 8 Hz, <**™\«™ 

< 1.0 Hz, 0-Man H-l), 4.610<d. /, . £ 7.8 Hz, (^ B.l),«4 
j m = 7,9 Hz. Gal H-l), 2-0 d. 3 H, NHAc). Compound 3: * 4.85 (d 1 } J„ 
t l U K GalNAc H-U 4.65 (d, J ia -7.7 Hz, GlcA .H-l) ,,4 M . 4£ 
and 4.48 (3 d, J, , - 8-2 Hi, J xA - 8-5 Hz, J,* = 7.6 Hz. 2 Cal Hi and 
OlcNAc H-i) ( 1-98 and 1.96 12s, 6 H, NHAc). mJz calc for 
C JlaoNiNaiOaT (compounds 1 and 2): 1018.3955; found compound 1: 
1018.3961; compound 2: 1018.3959. Detailed procedures of the 
synthesis will be published elsewhere. 3 Gal^l^cNA^l-^ctyl, 
Galfll-*4GlcNAcpi-2Manal^Man^l-*octyl, Galj31^4GlcNAc. 
fll~-6Mano:l-6Man/31->octyl ( and GalpU-4GlcNAc01-S 
(Galpa-»3)GalNAcQ(l-^ctyl were synthesized as described prew 
ously (45-47). 



RESirLTS 

Expression of HNK-1 Glycan in Mucin-type O-Glyctms At- 
tached to NCAM— To determine the biosynthetic pathway of 
HNK-1 glycan in mueuvtype oligosaccharides attached to 
NCAM, Chinese hamster ovary mutant Led calls were uti- 
lized. Led cells contain the deficient Jv"-acetylglttcosaminyl- 
transferase I, which is the first key enzyme to form complex 
jV-glycana (36). Because this enzyme is absent in Loci cells, 
W-glycans remain as the high mannose' type, and JV-acetyllac- 
tosamine, which is a precursor for HNK-1 glycan, is not formed 
in jV-glycans. 

Led calls also lack core 2 pa.G-Jv'-acetylglucosaminyltrana- 
► (Core2GlcNAcT> as in wad-type Chinese hamster ovary 



cells. Sine* mucin-type oligosaccharides can acquire 
N-acetyUactosainine whan core 2 branches are formed by 
CoraiGlcNAcT, L«l cells expressing 'HNK-1 glycan <Lecl« 
HNK-1) were further tranefected with cDNA encoding 
Cora2GlcNAcT-I (see Pig. 1). As shown in Fig. 2A, HNK-1 was 
detected by Western blotting in NCAM(MSDHgG synthesized 
in Lecl cells expressing HNK-lST and GlcAT-P, together with 
Core2GlcNAcT-I (lanes 4). When HNK-IST wae absent, glucu- 
ronyiated precursor glycan was detected by anti-glucuronic 
acid antibody, M6749 (GlcA), but not by anti-HNK-1 antibody 
(HNK-1) (Jones 6 in Pig. 2A), Multiple HNK-l-positive bands 
may represent NCAMCMSDHgG containing different numbers 
of sulfate groups, since glucuronylated molecules correspond 
mainly to the lowest molecular weight band (Jig. 2A, lam 6). 
Moreover, NCAMCMSD>IgG did not react with either anti- 



The reaction was stopped by 250 mu ammoniiim formate, pH 4, and 

determined using a Lineweaver-Burk plot at various concentrations of 
the acceptor (2J>-2O00 ^m). 

Synthesis of Standard OligosocchartcUn—Thc acceptors GlcA0- 
l-^Caipi-MlGleNAcpi-»6Manal-^Man^J -*0(CH,) T CH« (octyl) 
(coraponnd 1), GlcA£W3Gal01^GlcNAc£W2Manal^Man01-><> 
(CH 2 )rCH a (octyl) (compound 2), and GlcA01^3Galfll— 4GlcNAcJ^ 
i-*S{Ga!01-►^)GalNAeo:l-^O(CR l ) 7 CH > (octyl) (compound 3) were 
synthesized from precursors octyl 3,6-df-0-Den^yl-2-deoxy-2-trichloro- 
acetomldo-^D.glucopyranosyl(l^y-2 l 3 r 4-tri-0-benzyl-a-D-manno- 
pyTanoayHl ^)-23,4-tri-O-benzyl-0-o*mannopyranoside (compound 
4), octyl 3,6^i-O-benzyl-2-deoxy-2^chtoroecetamioV0-D-g^ 
syl(1^2)-3,4,6-tri-0-benxyl-a-D^mannopyTBJiosyl(l^)-2,3,4-rTi-<7- 
benzyl- 8-o-mannopyranoside (compound 5), and octyl 3,6-di-O-benzyl- 
2^eoxy-2-tricWcHroacetamidc>p-D-^ucopynmoey 

benzoyl-^-D-galactopyrBnosyl(l — ^)]-2*aeetam]do^O-acaryU2>deazy-o> 
Or^actopyranoa(de (compound 6). Each acceptor (componnda 4—6) was 
glycosylated with the donor O- (me thy I 2,3 »4-tri-0-benzoyl-p- D- 
glucapyT^osuluronato)-(1^3)-2,4 > S-tri-0-beDZC^l-a-0-gB^ 
syl trfchloroacetimldate (compoiuid 7) with catalytic brimetbylailyl tri- 
fluorcTnethaneauUonate to givo the derivativsa of the pentasaccharides 
in good to excel Lent yield. Redaction of the triehloroacetamydoyl group 
to the aceumidoyl group (44) followed by the usual depratection steps 
provided the targofe compound* 1—3. 

The products were characterized by l H and "C NMR spectroscopy 
and high reeolubisn ele^ospray-tim*-of*Eh'ght mam spectromebcy> 

Partial l H NMR (600 MHz, D 2 0) (compounds 1 and 2): (300 MHz, 
D a O) (compound 3); arn aa follows. Compound 1: 8 4.894 (d, J w • 1.5 
Hz, a-Man H-l), 4.S78 (d, J % - - 7.8 Hs, GlcA H-l), 4.666 (s, J xa < 1.0 
Hz, 0-Man H-U. 4.586 <d, J lja = 8.3 Hb, GlcNAc H-l), 4.533 (d, J is - 
7.9 Hz, Gal H-l), 2.0 (a, 3 H, NHAc). Compound 2: 6 4.930 (d, J ia - 



tranafectad with Core2GlcNAcT cDNA (Fig. 2A. tones 1-3). 
These results establish thax Core2GlcNAcT, GlcAT-P, and 
HNK-IST are all necessary to form the HNK-1 glycan in 
NCAM(MSD). 

To determine whether HNK-1 glycans can be attached to 
0-gIycans in sequences other than MSD.-NCAM-IgG lacking 
the MSD sequence was also expressed in the same Lecl cells 
expressing Core2GlcNAcT-I and HNK-IST glycan on the ceil 
surface. As shown in Fig. 2B, NCAM synthesized in these Lecl 
cells did not bear the HNK-1 glycan or glucuronylated precur- 
sor regardless of whether CoreSGlcNAcT was present or ab- 
sent. Minor HNK-l-positive glycoprotein* were detected when 
Lecl cells expressed CoreSGleNAcT-I, GLcAT-P, and HNK-IST 
(Fig. 2B t lane 4). They were judged to be contaminating glyco- 
proteins other tfrfln NCAM based on their mobility to SDS- 
polyacrylamide gel electrophoresis. These reeults indicate that 
the MSD sequence is essential for acquiring the HNK-1 glycan 
in O-glycans attached to NCAM. 

Structural Characterization of the HNK-1 Glycan Attached to 
th* MSD Sequence in NCAM— To determine the structure of 
the HNK-1 glycan attached to NCAM, NCAM(MSD>IgG was 
transiently expressed in Lecl-core 2-HNK-l cells expressing 
HNK-1 glycan and core 2 branched O-glycans. Twenty-four h 

9 F. Belot, M. Kukuda, and O. Hmdagaul, manuscript in preparation. 
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Fw. 1. Biosyntbetic pathway of 
HNK-1 fHya+n on macio-typ« O-fliy- 
canA. Core 1 0-giycans can be converted' 
to cure 2 O-giycana, followed by galacto- 
sylatfon by /^GalT-IV. The resultant N- 
acetytlactosaniinyl core 2 O-glycana can 
be converted by 01 .a-glucaranyltranst- 
fexase {01,3-QlcAT) and HNK-1 sulfo- 
transferase itiNK-lS7 r ) to IlNHM glycan 
on care 2 branched O-gh/cana {right). On 
the other hood, care 1 O-glycans can bo 
sialylated by ST3Gal-l fallowed by o2,6- 
dalyl transferases, which form diaialyl 
core 1 0-glycans (Uft), based on the pres- 
ent and previous atudiee (59-61). 
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Pic. Z WeglTD blot mudy.U of NCAM ItfG chimeric protein In Led cells transected with GlcAT-P end WK-tST. , A. Led cells 
expressing HNK-13T (S), GIcAT-P <©, or both HNK-1ST and GlcAT-P CiSG) were transiently transfected with NCAM(MSD>IgG chimeric protein 
together with (+) or without <-) Cor«2GleNAcT-I (C2GnT). Released chimeric NCAM-lgG was purified by protein A column and subjected^ 



Western blot analysis aft er se parating SDS-polyacrylamfde gel electrophoresis. The blot was reacted with anti-NCAM iN-CAM\ naU-HNK-1 
IfrMcrijTor^^ 

NCAM-lgG (devoid of MSD) together with (+) or without (-) Cora2GIcNAcT-I {C2QnT). NCAM-lgG wbm analyzed in thw sum manner e* m A. 



after the trail sfection, the transfected calls ware cultured for an 
additional 4fl h ha sulf ate-free medium an the presence of 
PHlGlcN, PHJGnl, and [^sulfate, Similarry, the tranefcetad 
cells were cultured in glucose-free medium with PH] GlcN or in. 
sulfate-frae medium with [ 85 S]3ulfate. NCAM(MSD>IgG mole- 
cules purified from the cultured medium were then subjected to 
SDS-poIyacryUmide gal electrophoresis and fluorography. The 
results showed that {**S1 sulfate, [^H] galactose, and fHIglu- 
coaamine were incorporated into NCAM(MSD>IgG (data not 
shown). 

As a first series of experiments for structural characteriza- 
tion, NGAM(MSD>IgG labeled with [^galactose, fH] glu- 
cosamine, and ["SI sulfate was used. Glyco peptides were pre- 
pared and applied to ConA-Sepharose chromatography. The 
results shown in Fig. 3 demonstrated that "S-labeled material 
was not bound to ConA-Sepharosa, The glycopeptides eluted 
with 10 dqm methyl a-glucoside and 250 mM methyl a-manno- 
sido represent hiantennary and high m ho rinse type N-gtycana, 
respectively, and they did not contain sulfate. The glycopep- 
tides unbound to ConA-Sephnros* (shown in the horizontal bar 
in Fig. 3), representing O-glycana and multiantennary N'-giy- 
cans, were then subjected to alkaline borohydrids treatment to 
release O -linked oUgosACcharides, 

The treated sample was separated into two peaks after Sepb> 



adex G-25 gel filtration. The first peak of higher molecular 
weight contained hath 3B S and 3 H radioactivity, whereas the 
second peak contained only *H radioactivity (data not shown). 
Upon QAE-Saphndcx column chromatography, all of the 35 S- 
labeled material was recovered in the fraction eluted with X M 
Nad in the pyridlne-acetate buffer (Fig. 4A, Q9). This OT S- and 
3 rMabeled material eluted again in this highly anionic fraction 
after sialydase treatment (Fig. 4B). Since no 3 H radioactivity 
was released, peak Q3 did not contain sialic acid, which can be 
labeled from fHIglucoeaxnine precursor. In contrast, the gly~ 
copaptides eluted with 2-250 mM NaCl (QO, Ql, and Q2 in Fig- 
4A) were mostly eluted at the void volume after sialidase treat- 
ment (data not shown), consistent with the fact that they were 
devoid of [^sulfate. 

Since no sulfatase isolated to date is known to remove a 
sulfate group from HNK-1 glycan, we opted to remove sulfate 
by solvoiysis. The sample after solvo Lysis eluted with 70 mn 
NaCl (Fig. 4C, peak b), where material containing one acidic 
group ehrtas. There was still substantial radioactivity eluted 
with 250 mM and 1 M NaCl (Fig. AC \ peak c). The latter material 
was mostly free ["SJsulfata (fractions 24-52 in Fig. 4D), while 
a small amount of remaining HNK-1 glycan existed (peak d in 
Fig. 4D). Peak b in Fig. 4C, deaulfated HNK-1 glycan, was 
subjected to Bio-Gel P-4 gel filtration before and after £-glucu* 
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Fraction 

Fic. 3. Separation of gSycopeptlde* derived from metabolic 
cally labeled NCAM(MBD)«IbG by cctncAxiihv*ljii A-Snpharoav 
column. Lecl-oore2*HNK-l cells were transiently transfected with 
NCAM(MSD>IgG in the presence of ["SUulfaU. PHlGlcN, and 
PHIGal, and NCAM(MSD)-IgG was isolated from the cultured medium. 
Glycopeptidea prepared from radiolabeled NCAM(MSD>lgG were ap- 
plied to a column of ConA-Seph arose. After washing the column, it was 
eluted with 10 ihm methyl o-glucoaide and 250 mi4 Riethyl a-mannoaide. 
Open and cloved circle* represent and *H radioactivity, respectively. 




10 20 » 

Fraction 

Fic 4. QaJS-Sepbadeoc oolttmn. chromatography and Bio-Gel P*4 
gel filtration of released O-tfryoan*. A, O-glycans were prepared from 
giycopoptidcs designated by a horizontal bar in E1g, 3 and aepttmled by 
QAE-Sephadex column chromatography. B and C, O-gtycans eluted by 1 
M Nad <nhcnm by a horizontal bar In A) w«re aubj«cted to tb« some 
QAE-Sephadcx column chromatography after si aldose treatment (5) or 
removal of sulfate by aolvolyaia (C). D, peak c m panel C was applied for a 
short column of Bio-Gel P-4. Peaks d and t denote the elun'oa paduons of 
intact sulfated HNK-1 glycan and free eal&te, respectively. Open and 
closed circles represent and *H radioactivity, rmpectiTely. 



ronidase treatment. The isolated oligosaccharide, peak b in F5g> 
6B t was converted by /3- glucuronidase digestion to Gai£Jl— *. 
4GlcNAc/31-*€CGal^l-^4)GaINAcOH l peak c in Fig. SC. Thews 



results established that HNK-1 glycan, shown aspeaA a in Fig. 
4£, has the structure 3Tu^ato^GlcA^l->Gal/5X--»4GlcKAjc^l-* 
6(Gal01-*8)GalNAcOH. 

Periadate. Oxidation of HNK-1 Glycan and Its Desui fated 
Farm — The above results establish that the HNK-1 glycan is 
attached to core 2 branched O-glycans. The above experiments, 
however, did not determine the linkage and attachment sites of 
sulfate and glucuronic acid. In order to obtain this information, 
the HNK-1 glycan and its nonsulfated form (pea&s a and 6 in 
Pig. 5, A and 3 f respectively) were subjected to periodats oxi- 
dation followed by reduction and mild acid hydrolysis (Smith 
degradation). Periodate oxidation takes place in a cis- glycol 
group. 

As a control experiment, core 2 O-glycan. Gal0 1— >4GkNAc£- 
l-*6(Gal£l-*S)GalNAc (Fig. 5C, c) was subjected to Smith 
degradation. Thia treatment produced two peaks: / ond£ (Fig. 
5F). Peak* / and ^ represent GlcNAc and glycerol derived from 
galactose, respectively. Peak c derived from HNK-1 glycans 
yielded the same results- 'When peak b in Fig*. SB, nonsulfated 
HNK-1 glycan, was subjected to the same treatment, peaks e 
and g were produced (Fig. 5E), Peak e corresponds to 
Gal/3 1-^4 GlcNAc, which was confirmed by exoglycosidase di- 
gestion. These results show that glucuronic acid prevented 
galactose from oxidation, indicating that glucuronic acid resi- 
due was attached to C-3 of galactose. Otherwise, peak b in Fig. 
BB and peak c in Fig. SC would produce the same product. 
When peak a in Fig. 5A was subjected to the same treatment, 
peak d was obtained (Fig. SD). Peak d was larger than peak e 
and was Judged to be produced from sulfated glycans. Peak e in 
Fig. SD was probably produced from nonsulfated glycans that 
were formed during various preparation steps. These results 
thus indicate that sulfate protected the GlcA residue from 
oxidation, and peak d corresponds to sulfo-+3GleA/31— » 
3 Gal 0 1—*4 GlcNAc . The presence of sul&te and glucuronic acid 
in peak d was confirmed by the fact that peak d still had two 
anionic charges as assessed by QAE-Sephadex column chroma- 
tography (data not shown). 

These results, combined together, establish the structure 
of HNK-1 glycan as sulfo-*3GlcA01-*3Gal/31— 4GlcAc01— 
-6(Gal/J1^3}GaJNAcr 



NCAM in Mouse Embryonic Brain and Heart and C2C22 
Cells Contain Negligible Amounts of HNK-1 Glycans Attached 
to O-Olycans — We then examined whether NCAM in mouse 
embryonic brain and heart contain HNK-1 glycans attached to 
O-glycans, NCAM present in brain at embryonic day 12 exhibit 
broad high molecular weights that were converted to bands of 
200 and 140 kDa after JV-gly cano se treatment (Fig. SA, lanes 1 
and 2). When the some blot was incubated with anti-HNK-1 
antibody, no band corresponding to W-glycanase-treated 
NCAM reacted with the antibody (Fig. OA, lanes 2 and 6 s ). The 
same experiment showed that small amounts of HNK-1 glycan 
were attached to iV-glycano in NCAM, displaying two bands 
that are slightly larger than 220 kDa (Fig. uA, lane 5>. The 
remaining HNK-1 antigen was mostly associated with mole- 
cules larger than 220 kDa, suggesting that those HNK-1 gly- 
cans are associated with proteoglycans. HNK-1 was barely 
detected in heart tissue, although NCAM was detected (Fig. 
6A, lanes 3, 4, 7, and 8). 

By using similar methods, the myoblast cell line, C2C12, was 
subjected to analysis. C2C12 cells were derived from mouse 
cells and can be induced to form myo tubes (25). Our prelimi- 
nary results showed that HNK-1 glycan was barely detected by 
Western analysis of cell lyaatea. We thus use 9B S-sulfate incor- 
poration to detect sulfated glycans. The results shown in Fig. 
SB illustrate that after 4 days of induced differentiation, C2C12 
cells expressed f J5 3]aulrate molecules that were heterogeneous 
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FlC. 5. Bio-Gel P-4 gel filtration or 
HNK-1 grycans befoor* and after vari- 
ous treatments. A~C, peak a in Pig. 4fl 
(A) and peak 6 in Pig. AC before (B) and 
after 0- glucuronidase treatment (Q were 
subjected to Bio-Gel P-4 gel filtration. 
U~F t the samples shown hi A-C <w«re sub- 
jected to Smith degradation and subjected 
La the same Bio-Gel P-4 gel filtration. 
Peaks o>c correspond to sulfo-»8GIcA0- 
1— 8G*10l->4GleNAc01-*6(Gal01-rf>- 
CalNAcOH. GJcAj31-*3GaljSl-+4GlcNAc- 
Sl-^Gai0l->3)GalNAcOH. and Gal^l-* 
4GlcNAcJ31-*6(Galj31-*3)GalNAcOH, 
respectively. Peaks d~g are explained 
under "Results.- Galpi—4GIcNAc£l— 6- 
{Gal/31-»3)GalNAcOH was also prepared 
from HL-60 culla as described previously 
(43). 
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Fie 6, HNK-1 glycan present in mouse fetal brain and heart 
and C2C12 myoblast caDs. A, lysates derived from mouse brain and 
heart at embryonic day 12 were separated by SDS-polyacrylanddB gel 
electrophoresis and subjected to Western analysis using anti-NCAM 
(lanes 1-4) or antMINK-1 {Janes 5-8) antibody, The lysates were sut> 
jected to analysis before (-) and after (+) AT-grycanase treatment B, 
NCAM was (rnraunopredpiUded from the caB lysates of l^lsulfrte- 
labeled C2C12 cells and subjected to SDS-polyacrylamide gel electro- 
phoresie and fluorogrnphy. 



in molecular sizes. However, none of this polydisperBed radio- 
active band was converted by-W-glycanase treatment to a sharp 
band (Fig. 6£, lanes 1-4), whereaB NCAM in day 0 and 4 
culture apparently contained sulfate groups in N-glycans (Pig. 
63, lanes 1-4). It is possible that NCAM in days 4 and 7 may 
contain polysiaJic acid attached to O-glycans, or these broad 
bands may represent contaminating proteoglycans such as 
heparan sulfate. These results indicate that NCAM in C2C12 
cells bear minirmim amounts of HNK-1 glycan. 

HNK-1 Glycan Synthesis Takes Place Preferentially on N- 
Glycana, although Bath GlcAT-P and BNK*1ST Almost 
Equally Act an N- and O-Glycan Oligosaccharide Acceptors— 
The above results could bo obtained if one of the glycoeyltrans- 
ferases responsible for HNK-1 gbycans prefers W-glycan* accep- 
tors over O-glycan acceptors. To test this hypothesis , we first 
assayed /31,3-glucuronyltransfarase (GlcAT-F) using various 
synthetic acceptors. The results shown in Fig. 7 illustrate that 
GlcAT-P utilizes synthetic acceptor oligosaccharides that 
mimic both N- and O-glycans. GlcAT-P utilizes 
Gfll^l-^JlcNAflAl-^Mancl-^Man^l^KJctyl slightly better 
than core 2 branched O-glycan, but core 2 branched O-glycan 
acceptor is a slightly better acceptor than Galpl-* 
4GlcNAc01^2Manal->6Man01->octyl. We then compared 
HNK-lST activity in three different acceptors. As shown in Pig. 
8, HNK-lST acts slightly better on GlcA/tt-*3Gal01-»4 
GkNAc01-»2Manal-^Man/31-*octyl QC m « 160 /iM> than 



GlcAfil-^3Gal31-*4GlcNAc01-»6Manal-^Manpi-wtyl {K^ 
- 368 uM). Core 2 branched O-glycan is. an intermediate be- 
tween theea ^glycan acceptors <K„ - 283 |Ort. These results 
combined indicate that cow 2 branched O-glycan * as good an 
acceptor as^glycens for both GlcAT-P andHTTC-lST. 

Despite the fact that the enzymes responsible for HNrL-1 
synthesis can utilize tf-glycan and O-glycan alters almost 
squally well, HNK-1 was barely detected in NCAM O-glycans 
in tissues' examined. These results obtained as a whole thus 
suggest that HNK-1 may be more efficiently added to JV-gly- 
cans than O-glycans when they are attached to NCAM. In order 
to test this hypothesis, Led calls expressing GlcAT-P and 
HNK-lST were transiently transfected with cDNA encoding 
GnT-I. Thia transfection allows Lecl cells to gain complex 

-glycana, which can then become substrates for both GlcAT-P 
and HNK-lST. The amount of HNK-1 glycan was significantly 
increased in NCAMCMSD) derived from Lecl calls expressing 
GnT-I, compared with NCAM(MSD) derived from the parent 
Lecl cells (Pig. OA, compare lanes 7 and 5>. The large majority 
of HNK-1 glycane were removed after N-glycnnase treatment 
(Pig. 8A, lane 10), indicating that the majority of HNK-1 glycan 
disassociated with-newly-synthesized JV-glycans — 



It is possible that sialylation inhabits HNK-1 glycan forma- 
tion in core 2 branched O-glycans, since sialylation and giucu- 
ronylation compete for the same //-ace tyUactos amine. To test 
this possibility, Lec2 cells that are deficient in sialylation were 
used to express HNK-1 glycan. Transfected L*e2 cells bearing 
bothJf-grycans and O-glycans expressed significant amounts of 
HNK-1 glycans, hut almost all HNK-1 glycans were removed 
after AT-glyconaan treatment {Pig. 9A, lane* 11 and 12). Almost 
identical results were obtained when NCAMCMSD) were la- 
beled with p B S]sulfate {51g. SB). These results as a whole 
indicate that HNK-1 synthesis is shifted from O-glycans to 
//-glycans once JV"-glycan acceptor substrates are available. 

DISCUSSION 

The present study demonstrated that HNK-1 can be synthe- 
sized in O-glycans when three enzymes, GlcAT-P, HNK-lST, 
and Cora2GlcNAcT, are transfected into Lecl cello, which lack 
the ability to form the HNK-1 glycan attached to complex and 
hybrid iV-grycana. Since Lecl cells lack Core2GlcNAcT, a si- 
multaneous expression of Care2GlcNAcT is essential to form 
HNK-1 glycan on O-glycans. Our structural analysis of HNK-1 
glycan indeed demonstrated that HNK-1 glycan is synthesized 
on N-acetyuactoaamine in core 2 branched O-glycans (Fig- D- 
This requirement of Core2GlcNAcT was also demonstrated for 
sialyl Lewis x synthesis in mudn-type O-glycans, since eislyl 
Lewis X, Siaa2-*3GaIpl-^(Fucal-*3)GlcNAopi-*rl, U also 
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Accepter 



FlG. 7. Incorporation of u C-GlcA by 
GleAT-P to various acceptor** A aolu- 
ble chimeric GlcAT-P was incubated with 
UUfcM 14 CJGlcA and acceptors shown. Aa a 
control, the culture medium derived from 
mock-Lnuiarected calls was used aa an en- 
zyme source, 
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Pic. &. Depandew:* of HNKpIST activity oa the concentrations 
of various acceptors. A soluble chimeric HNK-1 ST was incubated 
with [ M S1PAP3 and various concentrations of acceptors. B, the 
Lineweaver-Burk plot of A, The activity for GlcAjsi-»3Oal01-*' 
4GlcNAc^l-.2ManoI— eManpi-wtyl (O). GlcAfll-SGalpi— 4Glc- 
NAo0l^MaAal-*6Man£l-*octyl (•), and GlcA01-*3Gal01-*4Glc 
NAcfll-*(Gel^l-*3>GalNACaI-Kicryl Q. 

synthesized on TV- ac^tyli act os amine backbone, which is formed 
by Cotg3G1cNAcT (41, 48). 

The preaant study also clemaostrated that mucin -type O- 
glycana bearing HNK-1 can be synthesized only when NCAM 
contains an MSD. MSD is enriched with threonine, florins, and 
proline, which is characteristic for amino acid sequences that 
attach mucin-type O-glycana (23, 24). A short amino acid se- 
quence that consists of these amino acids is also present in the 
other part of NCAM, but it apparently does not serve for 
O-glycoayiation attachment sites. MSD is encoded by four dif- 
ferent exons, and differential splicing of NCAM precursor 
mBNA leads to the formation or absence of MSD. Hie expres- 
sion of MSD-contaioing NCAM is temporally and spatially 
restricted, and myotubea express NCAM containing MSD <24). 

Since the amino acid sequence of MSD is enriched with 
proline, threonine, and serine, MSD most likely dees not have 



Fig- 9, NCAMCMSDHflG released from Lecl and Lec2 cells in 
the presence or absence of GnT-L Lecl and Lac2 cells stably ex- 
pressing HNK-1 glycan were transaeaUy trsnsfected with 
NCAM(MSD>feG in the absence 1-) or presence (+) of GuT-L A, 
NCAM(MSD>IgG Isolated was subjected to Westarn analysis before (-) 
or after (+) tf-glycaoaae treatment. H, the tranafecied cells were met- 
abolically labeled with ^sulfate and released NCAM(MSD>lgG was 
porified by protein A- conjugated Tcain. The left panel shows Wratern 
blot analysis using anti-NCAM antibodies to adjust the amount of 
NCAM(MSD)-lgG for assaying an ti- HNK-1 reactivity (A) or fluorogra- 
phy (B). in Utn* 9 af panel A, contaminating glycoproteins rd eased frxmi 
the Lecl cells slso contained HNK-l glycan. 

a unique conformation* such as an or -helical or 3-sheet struc- 
ture (49). Since O-glycosylation takes place in the Golgi appa- 
ratus, O-glycosylation sites need to be exposed to the environ- 
ment after a protein folds. No n- a -helical and non-fl-aheet 
structure satisfies such a requirement. In addition, it is most 
likely that such an amino acid sequence does not taka a par- 
ticular conformation, and ita structure is flexible (49). It is thus 
possible that MSD may function as a hinge region where O- 
glycans are attached. This situation is similar to the hinge 
region of IgA, where multiple O-glycans are attached (50, 51). 
Lysosomal membrane glycoproteins (LAMP-1 and LAMP-2) 
also contain a hingelike structure, and the TiiTigftifrB structure 
of human LAMP-1 has homology to the IgA hinge region (52, 
53). Future studies are of importance to determine whether 
MSD in NCAM also {Unctions as a hinge like structure. 
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Despite the fact that HNK-1 glycan can be added to O- 
glycana to NCAj&KMSD) upon transection with GlcAT-A «uid 
HNK-1, NCAM isolated from embryonic brain, heart, and 
C2C12 cells did not bear detectable amounts of HNK-1 epitope 
in O-slyeana. This is most likely not due to the absence of 
Core2GlcNAcT, since CoTe2GlcNAcT-I is expressed in the bram 
and heart (54). One possible explanation for this discrepancy is 
that the expression levels of GlcAT-P and HNK-1ST are lower 
in these tissues compared with Led cells or HeLa cells (data 
not shown) transfected with GicAT-P and HNK-1ST. On the 
other hand, the same experiment clearly detected HNK-1 gly- 
molecules with high molecular weights. Since those 
HNK-l-positive moleculea still showed a polydispersity after 
tf-5lycaaa.se treatment, it is likely that th«» moleculea repre- 
eont proteoglycans. These results indicate that the method 
used was sensitive enough to detect HNK-1 glycan. As a whole, 
it can be concluded that HNK-1 glycan U only barely, if at all, 
added on O-glycans attached to NCAM in the tissues examined. 

The above results could be obtained if GlcAT-P and HNK-1 
utilize AT-giycana as acceptors better than O-glycans. However, 
GlcAT^P and HNK- 1ST did not utilize N-glyc*n acceptors bet- 
ter than O-glycans when synthetic oligosaccharides that mimic 
a portion of W-glycans or O-glycans were used as acceplom, 
Moreover, the synthesis of HNK-1 glycans on NCAM wan sub- 
stantially increased whan Led calls were converted to synthe- 
size complex-type N-glycan acceptors for HNK-1 glycan by 
transfecting with GnT-I. The amount of HNK-1 glycan on O- 
glycans is much less than that on tf-glycinu (for Leol cellfl 
bearing complex type tf-glycsns). These results indicate that 
GlcAT-P and HNK- 1ST are more accessible to tf-gfrcaa accop- 
tors than to O-glycan acceptora in glycoproteins such as NCAM. 
This is probably because N-glycans are more extended from the 
polypeptide backbone than O-glycans. On the other hand, 
PSGL-1 glycoprotein containing numerous O-glycans has an 
extended rodlike structure and bee b«n shown to have sul- 
fated iy-acetyllactoBaminas, presumably on the O-glycans (55, 
_ _56). These combined results strongly suggest that M9D of 
NC^mayn^displays^^ 

rymes that synthefiize O-glycans as the conformation of 
PSGL-1. 

HNK-1 glycan has been shown to bind to bminin (2), 
wherVas aialylated core 1 O-glycan, NeuMAca2->3Gal0l-*3- 
(NeuNAca2-*6)GalNAc, was sjyjvra to bind Siglec such aa my- 
ehn-asaociated glycoprotein (5J>. These results suggest that 
the addition of a HNK-l-capping structure on NCAM O-glycans 
may switch the interaction of NCAM with myelin-associated 
glycoprotein to that with laminin. Such switching probably 
plays a critical role in neural cell development. 

Our studies demonstrated that HNK-1 uynth»*ia may be 
synthesized in a complex manner and depends on bow much 
iV-glycan acceptors versus O-glycan acceptors are available. 
Similarly, it has been demonstrated that GlcNAc-6-O-sulfo- 
transferase preferentially acts on //-glycans when glycoprotein 
acceptors such aa CD34 bear both iV- and O-glycans (41). By 
contrast, the same enzyme can act efficiently on O-glycans 
when the enzyme acta on GlyCAM-1, which almost exclusively 
contains O-glycans (68). In addition, it has been demonstrated 
that N^arotyUactosamme formation in core 2 branched O-gly- 
cans is much less efficient than inN-glycans (69). Theae results 
suggest that the synthesis of jV-acatyllactoaamine in core 2 
glycans can be a rate-limiting step for the addition of HNK-1 
epitope structure on O -glycans. These results combined indi- 
cate that the synthesis of terminal, functional oligosaccharide 
groups in O-glycans is regulated in a complex manner and that 
the availability of acceptors in 2VT- or O-glycans and their coo- 
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formation play a critical role in displaying such functional 
groups in different glycans. 
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